OBJECTIVE: To investigate whether the neuropeptide Y receptor 5 gene (NPY5R) is associated with obesity in humans. DESIGN: The NPY5R gene was screened for polymorphisms by direct sequencing in two groups of Pima Indians, selected for extremes of body mass index (BMI H and 3 H UTRs) was sequenced in a subset of 20 individuals. No variants were found in the coding sequence, however three novel single nucleotide polymorphisms were detected in the non-coding regions: (1) a C?T transition located within the promoter 28 bp upstream of the exon 1A transcription start site; (2) a T?C transition 94 bp downstream of the stop codon; and (3) a G?A transition 432 bp downstream of the stop codon. The polymorphisms were then screened in all 75 subjects. RESULTS: The polymorphisms had mean heterozygosities of 0.34 ± 0.50 and were in strong linkage disequilibrium (P`0.001). Genotype frequencies differed signi®cantly in lean and obese Pimas for P2 (P 0.04) and for a triple haplotype (P 0.02, Bonferroni corrected). CONCLUSION: Considering the importance of this gene in regulation of body weight, the association of these polymorphisms with extremes of BMI in Pima Indians indicates that NPY5R, or a locus nearby, may contribute to susceptibility to obesity in this population.
Introduction
Neuropeptide Y (NPY) is a 36 amino acid neurotransmitter with diverse physiological functions in mammals. 1 ± 3 In particular, exogenous NPY is the most potent known orexigenic agent, with powerful stimulatory effects on feeding, and negative effects on energy expenditure when administered intracerebroventricularly (icv), resulting in weight gain. Although NPY is widely expressed in the brain, it is particularly enriched in hypothalamic regions that regulate feeding and energy balance.
NPY expression is regulated by various physiological stimuli which signal transient or chronic states of negative energy balance. Its expression is increased by starvation, fasting, intense physical activity, lactation, uncontrolled diabetes, glucocorticoids and genetic leptin de®ciency. 3, 4 It is decreased by circulating satiety factors such as leptin and insulin. Such evidence indicates that NPY may be an important component of a signaling loop which responds homeostatically to conditions of negative energy balance by increasing feeding and reducing energy expenditure. 5 The physiological responses of NPY are mediated at the cytoplasmic membrane of target neurons by a family of G-protein-coupled receptors with typical heptahelical structures but relatively low sequence homology to each other. The wide expression and multiple effects of NPY imply that its tissue and functional speci®city may require function-speci®c receptors. The genes encoding six NPY receptors have been identi®ed to date (NPYR 1-6) of which NPYR6 is apparently a pseudogene. 6 Of the remaining functional receptors, there is some evidence that NPY5R may be the receptor for the hyperphagicaorexigenic effects of NPY, with NPY1R being another candidate. 7 Several studies in rodents have provided support for the theory that NPY5R may be involved in energy balance and is a candidate susceptibility gene for human obesity. 3,7 ± 11 The aim of the present study was to determine whether genetic variation in NPY5R is associated with obesity in Pima Indians, who have one of the highest reported population prevalences of obesity. 12 We investigated the potential involvement of NPY5R in obesity in this population by analyzing the gene in subjects selected for extremes of obesity as determined by body mass index (BMI).
Methods

Study subjects
Study subjects were 75 healthy, non-diabetic, fullheritage Pima Indians who were not ®rst-degree relatives (Table 1) . Heritage was determined based on the stated ethnicity as previously described. 13 
DNA sequencing
The structure of NPY5R has been described elsewhere, 14 and the gene was ampli®ed from gDNA and sequenced in both directions using¯uorescent dye-terminator chemistry (Perkin Elmer Applied Biosystems, Foster City, CA). SequencingaPCR primers are listed in Table 2 . Polymorphisms were detected by direct sequencing of gDNA from 20 Pima Indians, including 10 obese (BMI b 50 kgam 2 ) and 10 lean (BMI`23 kgam 2 ) subjects. For this initial sequencing, the most extreme individuals were selected, in order to maximize the possibility of detecting an important variant. Subsequently, detected polymorphisms were screened in an additional 55 Pima Indians (see Table 1 ) and in a sample of 40 Caucasians.
The NPY5R gene was tested for the possible presence of alternative transcripts by PCR ampli®cation of cDNA from pooled human brain and hypothalamus (Clontech, Palo Alto, CA) using primers from upstream of exon 1A, and the 3 H UTR. Only a single product of the expected size was observed, consistent with a lack of alternative splicing in this gene.
Statistical analyses
Statistical tests were performed using the SAS software package (SAS Institute, Cary, NC). Genotype and haplotype frequencies were analyzed for association with obesity extremes by Fisher's exact twotailed test. Paired combinations of polymorphisms were analyzed for linkage disequilibrium using the ILINK program 15 F1  TAAGGTCACGGGAGCTGATTG  F2  GATTGGGCTCTATACATTTG  F3  TATCAATTGCCATTGTCAGG  F4  CTAGTTCAGTATATTCTGCCC  F5  AGCATGTGTGTTACCTGCTCC  F6  TTAGTTGGATGCCACTACACC  F7  AAGGAAAGAACAAATGCTGGG  F8  ACCAACTCAGTACTTTTGTCC  F9  CAGTTTTGGAAGTCCTGTAGG  F1A   b   TATTACCACAAATTGTGCTGC  R1  AATGTATAGAGCCCAATCAG  R2  ATACCTGACAATGGCAATTG  R3  GGCAGAATATACTGAACTAGC  R4  TGGAGCAGGTAACACACATGC  R5  GTGTAGTGGCATCCAACTAAC  R6  CCAGCATTTGTTCTTTCCTTG  R7  TGGACAAAAGTACTGAGTTGG  R8  CCTACAGGACTTCCAAAACTG  R9  GGCAATAGCATTTTCCTACAGGAC  R1A TCAGCTTATTCATGATCC a F forward primers; R reverse primers.
b 1A exon 1A.
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Results
Polymorphisms
Three novel common single nucleotide polymorphisms, designated P1, P2 and P3, were detected in the NPY5R gene. Figure 1 depicts the location of these polymorphisms in relation to the overall NPY5R gene. No variants were detected within the coding region of NPY5R in the Pima Indian DNAs. P1 was a C?T transition located within the exon 1A proximal promoter, 28 bp upstream of the transcriptional start site. P2 was a T?C transition in the 3 H UTR of exon 2, located 94 bp downstream of the stop codon. P3 was a G?A transition located 432 bp downstream of the stop codon. A coding sequence change involving a G?A transition located at the third position of codon 426 (both alleles encoding glycine 426), was found in heterozygous form in ®ve Caucasians, but not in any of the 75 Pima Indians, and was not further analyzed.
Genotype and allele frequencies
Allele frequencies of P1-P3, in lean and obese Pima Indians and Caucasians, are also shown in Figure 1 . Mean heterozygosities for each polymorphism in Pima Indians were as follows: P1 0.48; P2 0.34, P3 0.50. The genotype frequencies were in Hardy ± Weinberg equilibrium (P values b 0.9). Pairwise haplotype analysis of the three polymorphisms indicated that they were in strong linkage disequilibrium (P values`0.001). Frequencies of genotypes and alleles differed markedly between lean and obese Pimas as well as between Pimas and Caucasians. For example, the P1 T allele was present at 5% in Caucasians but at 30% and 45% in lean and obese Pima Indians, respectively.
Genotype associations are shown in Table 3 . Genotype frequencies were signi®cantly different in lean and obese Pima Indians for P2 (P 0.04). Threemarker haplotype analyses are shown in Table 4 . There were ®ve combinations with a frequency greater than 10%. Of these, one haplotype was signi®cantly associated with obesity extremes (P 0.004, Bonferroni corrected P 0.021) and gave an odds ratio of 13.7 with leanness.
Discussion
Although it is unknown whether this association is due to an NPY5R-speci®c effect or proximity of the polymorphisms to another gene or genes, all three of these polymorphisms have potential functional consequences. The change from C to T at P1 created a perfect core binding site (tcttGTTTaggt) for the transcription factor HFH1 (hepatocyte transcription factoraforkhead homolog), although it is unknown whether this murine consensus sequence and binding Fisher's two-tailed`exact' test. c P-value corrected for the number of tests conducted, using a Bonferroni correction [P(corr) 1-(1-P)
] where m is the number of combinations tested. 30 d Odds ratio for leanness with the associated haplotype.
e 95% con®dence interval estimates. NPY5R in Pima Indians CP Jenkinson et al factor exists in humans. Both P2 and P3 were located within a ®eld of 9 AT-rich elements (AREs), 18 which are known to affect mRNA stability. The NPY5R gene is located on chromosome 4q31.3-32 in a region also containing NPY1R and NPY2R. 14, 19 NPY1R lies approximately, 23 kb upstream of NPY5R, and is transcribed in the opposite orientation from a common promoter region, suggesting possible coordinate expression of these genes. 13 Previous studies of polymorphisms in or near NPY1R in other populations failed to demonstrate signi®cant association or linkage with obesity. 20 ± 22 Furthermore, a silent single nucleotide polymorphism (allele frequency 11%) within the NPY5R coding sequence showed no evidence of linkage or association with BMI in 160 obese children and adolescents, 128 underweight subjects and 58 anorexic patients. 23 This polymorphism was also detected in the present study in ®ve Caucasians (allele frequency 6%), but not in Pima Indians and was not analyzed further. Likewise, the NPY chromosomal locus showed no linkage to obesity in a French population. 22 No linkage with obesity was detected for the NPY or NPY5R loci in Pima Indians. 24 Linkage was recently observed between a quantitative trait locus in the vicinity of the murine NPY gene and body weight (logarithm of the odds, LOD score 3.1). 25 Several recent gene knockout models in mice, produced by homologous gene recombination, have helped dissect the normal function of the Npy system while providing some surprising results. Npy knockout mice showed normal feeding behavior and weight gain. 26 The importance of the NPY axis however, was supported by the phenotype of Npy7a7, obaob mice which attained about 50% less adipose tissue than obaob mice. 27 Npy5r7a7 mice exhibited normal feeding and weight gain with mild late-onset obesity. 28 In separate studies, Npy1r7a7 adult mice had signi®cantly increased body fat. 29 The unexpected increases in body fat in adult mice may indicate overcompensation in some other parts of the energy homeostasis system. In both of these NPY receptor gene knockouts, the corresponding proteins were shown to be involved in body weight regulation, although the effects were small. Comparison of severe single gene alterations may provide a poor model for complex, multifactorial, heterogeneous disorders, with their dense geneaenvironmental interactions. A second problem is that the metabolic effects of current gene knockouts are present from conception and may therefore evoke early developmental compensatory mechanisms utilizing redundant metabolic pathways.
In conclusion, we have identi®ed three novel polymorphisms in the NPY5R gene that are associated with obesity extremes in the Pima Indians of Arizona. Of the several combinations tested, only one genotype and one haplotype showed P values less than 0.05. Whilst NPY5R is a plausible obesity candidate gene, the possibility of a spurious association cannot be discounted given the relatively small numbers of subjects in this study. Whether these mutations may have functional consequences (eg in terms of gene expression), are markers for another obesity locus, or have relevance to human obesity in other populations remains to be established.
